/16HBE14o -) to investigate the pathways of sildenafil action. Cells were treated with sildenafil and cAMP-mediated current (I m ), conductance (G m ), and capacitance (C m ) were determined. Sildenafil increased I m , G m , and C m of wt-CFTR and functionally restored ΔF508-CFTR in oocytes. These effects were also seen in CFBE41o -and 16HBE14o -cells. Transepithelial measurements revealed that sildenafil mediated increase (wt-CFTR) and restoration (ΔF508-CFTR) of channel activity.
cGMP pathway blocker inhibited the activity increase but not CFTR/ΔF508-CFTR exocytosis. From these data we conclude that sildenafil mediates potentiation of CFTR activity by a cGMP-dependent and initiates cGMP-independent functional insertion of CFTR/
Introduction
Besides its function in the therapy of erectile dysfunction and pulmonary arterial hypertension, the phosphodiesterase-5 (PDE-5) inhibitor sildenafil seems to have putative effects in cystic fibrosis (CF) [1, 2] . This inherited autosomal recessive disease is caused by a mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene [3] . The ABC transporter CFTR 776 is located at the apical membrane of chloride secreting epithelia and tissues including sweat glands, pancreas, colon, and lung, where it acts as a cAMP regulated chloride channel [4, 5] . As an important second messenger cAMP activates the proteinkinase A (PKA), which phosphorylates the CFTR protein at its regulatory domain (R-domain) [6] . Moreover, the protein kinases C and G II (PKC; PKGII) also have the ability to phosphorylate the R-domain, which represents a necessary condition for CFTR activation [7, 8] . In this process the PKG depends on the second messenger cGMP [9] .
In case of the most common CFTR mutation, the deletion of a phenylalanine at the position 508 (ΔF508-CFTR) of the CFTR sequence causes misfolding of the protein inducing its retention in the endoplasmatic reticulum (ER) and proteosomal degradation by ER associated protein degradation (ERAD) [10] . Subsequently, the majority of CFTR molecules fail to reach the plasma membrane leading to a strongly reduced chloride conductance. Interestingly, 75% of the wildtype (wt)-CFTR are degraded in the proteasome, too [11] . If the ΔF508-CFTR protein is inserted into the plasma membrane the misfolded protein is able to conduct chloride [12] . The insertion of only 10-15% of the ΔF508-CFTR into the plasma membrane seems to be sufficient to restore the chloride conductance and thus to alleviate CF symptoms [13, 14] . Restoration of CFTR function is an extremely essential goal since CFTR is, beside its chloride channel function, one of the most important regulatory proteins of epithelial cells and controls several central tasks in secretory epithelia [15, 16] . For this reason numerous therapeutic approaches focus on the restoration of the chloride conductance by repairing the trafficking and insertion of the ΔF508-CFTR protein by the use of so called correctors. In addition, the search for compounds that enhance the activation of the inserted CFTR molecules (potentiators) is also currently in progress [17] . Using a combinational therapy of a corrector and a potentiator seems to be a promising perspective to achieve the maximum therapeutic benefit [18] . Until now, several potentiators like VRT-532 [19] , genistein and apigenin were identified [20] . A few potentiators are already in clinical trials as therapeutic substances for CF and very recently the drug VX-770 has been approved by the food and drug administration for the therapy of cystic fibrosis [21] . Application of correctors including the chaperones corr-4a [22, 23] and corr-2b [22] as well as RDR1 [24] , VRT-532, and VRT-325 [19] evoke a partial restoration of ΔF508-CFTR plasma membrane expression. The best characterized corrector corr-4a induces a 8% restoration of the ΔF508-CFTR plasma membrane expression in primary human bronchial epithelial cells and enhances the stability of the rescued ΔF508-CFTR protein [22, 23] . The underlying mechanisms, how these correctors and potentiators influence CFTR is not fully understood. In the last years some of the mechanisms of correctors could be identified. Wang et al. showed a direct interaction of VRT-325 as well as corr-4a with the CFTR protein [25] , assuming that these correctors induced the conformational rearrangement of the CFTR protein, thereby leading to partial CFTR activity. However, the postulated binding site is still unknown [26] . Moreover, RDR1 also influences CFTR directly by binding to the first nucleotide binding domain of CFTR, which contains the ΔF508-CFTR mutation [24] .
In the ongoing progress of identifying different CFTR correcting molecules, the class of phosphodiesterase (PDE) inhibitors as active substances are under closer scrutiny. Besides the PDE inhibitor milrinone, other classes of PDE inhibitors were screened as prospective CFTR correctors or potentiators [27] . PDEs cleave the phosphodiester bond within cyclic nucleotides including cAMP and cGMP. Due to their specification to hydrolyze either cAMP or cGMP, PDEs were divided into 10 classes. PDE-4s are highly specific for cAMP, whereas PDE-5s and PDEs-6 are cGMP-specific, thus PDE-1s show a mixed specificity for cAMP and cGMP [28] .
Based on several high throughput screenings the PDE-5 inhibitor sildenafil, which is the active agent of Viagra ® , was identified as a CFTR corrector [1, 2, 29, 30] . Dormer et al. reported for the first time an enhanced insertion of ΔF508-CFTR in isolated epithelial cells from CF patients due to incubation with 150 µmol l -1 sildenafil for 2 hours [1] . Additionally, another group showed that application of the clinical dose of 0.5 µmol l -1 sildenafil to ΔF508-CFTR mice corrected the reduced chloride conductance [2, 31, 32] . Since 2008, sildenafil is in a phase I / II clinical trial to investigate the in vivo effect of sildenafil on CFTR in CF lung disease (www.ClinicalTrials.gov: NCT00659529).
Originally, sildenafil was developed as a smooth muscle relaxant for pulmonary arterial hypertension, because dilatation of arterial muscles leads to a slight blood pressure decrease. Based on this effect sildenafil and its analogues were previously approved and are commercially available as Viagra ® and similar compounds for the therapy of erectile dysfunction [33] . Until now, the mechanism that allows sildenafil to act as a CFTR corrector is still matter of intensive discussions. One possibility is that sildenafil modulates the cGMP concentration via altera-tions in the NO-dependent cGMP pathway as described for the sildenafil therapy in erectile dysfunction and pulmonary arterial hypertension [28, 34, 35] . Furthermore, it is possible that sildenafil interacts directly with the CFTR protein as already shown for the correctors corr-4a, VRT-325 as well as RDR 1 [24, 25] .
With respect to the effect of sildenafil as a corrector of CFTR, we aimed at analysing the mechanisms of sildenafil action on CFTR in more detail with regard to a potential use of this drug as a therapeutic substance in cystic fibrosis. Therefore, we blocked the NO-dependent cGMP pathway via the guanylate cyclase inhibitor ODQ (1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one) as well as the PKG by its inhibitor KT 5823 [36, 37] . We were able to show a restoration of the chloride conductance via electrophysiological measurements in ΔF508-CFTR expressing oocytes as well as via transepithelial experiments with the human bronchial epithelial cell line CFBE41o
) by 60 -400 µmol l -1 sildenafil. Furthermore, using wt-CFTR expressing oocytes and human bronchial epithelial wt-CFTR cells (16HBE14o -) an enhancement of CFTR activity and exocytosis of CFTR molecules could be detected. The enhanced CFTR activity by sildenafil could be inhibited by ODQ and KT 5823, whereas the sildenafil stimulated exocytotic insertion of CFTR was not altered using the respective cGMP pathway blocker. Moreover, Western blot analysis as well as immunofluorescence approaches confirmed these results. In conclusion, we present data illustrating that sildenafil seems to be a CFTR corrector as well as a potentiator acting via two different mechanisms: one being cGMP-dependent and one being cGMPindependent. However, the observed positive effects of sildenafil could be only achieved with quite high doses that could cause severe adverse effects when used for the treatment of lung disease in cystic fibrosis patients.
Materials and Methods
Oocyte preparation and injection of cRNA Oocytes were isolated from female Xenopus laevis (purchased from the African Xenopus Facility, Knysna, Africa; approved by the ethic committee of the university of Muenster) as described previously [38] . Briefly, the Xenopus laevis (X. laevis) female was anaesthetized with tricaine (MS 222, 1.5 g/l pH 7.0) before the ovarian lobes were removed by laparotomy. The connective tissue of the ovarian lobes was removed by incubation for 2 hours with collagenase ( cRNA preparation For in vitro transcription (IVT) pSTI-wt-CFTR (a kind gift from the laboratory of J. Rosenecker) and pAlter ΔF508-CFTR (a kind gift from K. Kunzelmann) were used. The linearized plasmids were extracted with phenol/chloroform and precipitated with ethanol. The IVT reaction was carried out using the mMessage mMachine Kit (Ambion, Foster City, USA), followed by a purification using the RNeasy plus Mini Kit (Qiagen, Hilden, Germany) and subsequent ethanol precipitation to achieve good quality mRNA.
Voltage clamp (VC) measurements
All measurements were performed under voltage-clamp conditions using the standard two-microelectrode technique as described in detail elsewhere [38] . Briefly, the oocytes were placed into a 1 ml Plexiglas chamber and were perfused continuously with ORi. Oocytes were impaled with two microelectrodes, which had a resistance between 0.5 -3 MΩ and were filled with 1 mol l -1 KCl. Additionally, two Ag/AgCl pellets were placed in the bath as reference and to supply a virtual ground circuitry. The electrodes were associated with a voltage clamp amplifier (OC 725C, Warner Instruments Inc., Hamden, USA), which is further connected via two digital processing boards (DSP-boards, Model 310B, Dalanco Spry, Rochester, NY, USA) to a computer. This equipment (designed by Prof. Willy Van Driessche, KU Leuven, Belgium) was described in detail elsewhere [38] , allowed us to record simultaneously membrane current (I m ), conductance (G m ) and capacitance (C m ), the latter representing the surface area of the oocytes [38] .
During the measurements the oocyte membrane potential was clamped to -60 mV and subsequently CFTR was activated by an application of the cell permeable cAMP analog 8-(4-chlorophenylthio) cAMP (cpt-cAMP, 100 µmol l -1 , in ORi). The cAMP cocktail also contains the phosphodiesterase inhibitor isobutylmethylxantine (IBMX, 1 mmol l -1 ). In one set of experiments the cAMP analog was substituted by the cGMP analog 8-(4-chlorophenylthio)-cGMP (cpt-cGMP, 100 µmol l -1 ). For data analysis, cAMP-or cGMP-mediated electrical responses were determined in relation to the initial values after clamping the potential to -60 mV.
Before and after sildenafil injection, wt-CFTR expressing oocytes were incubated 30 -(ΔF508-CFTR) epithelial lung cells were cultivated on coated flasks (0.13 % bovine serum albumin (7.5%), 3% bovine collagen type I (1 mg/ml), 1% human fibronectin (1 mg/ml), 9.87% sterile water and LHC basal medium) in Minimal Essential Medium Eagle (MEM) supplemented with 10 % fetal bovine serum (FBS), 1% Lglutamin (200 mmol l -1 ) and 1% Penicillin/Streptomycin (10000 U/ml). The cells were incubated at 37°C, 95% air and 5% CO 2 .
For transepithelial measurements 1.1 x 10 5 cells were seeded on permeable filters with a pore size of 0.4 µm (0.33 µm 2 ; Costar Transwell, Corning Inc., NY, USA), whereas for immunofluorescence analyses 3.5 x 10 5 cells were seeded on coated glass cover slips (12 mm diameter; Roth, Karlsruhe, Germany), which were placed in petri dishes.
Transepithelial measurements
After approximately 7 days the cells on the filter reached confluence and were mounted into the Ussing chamber, which was heated to 37°C. Within the measurement the apical and basolateral compartment was continuously perfused with cell culture Ringer (130 mmol l HEPES, 37°C). Voltage and current electrodes were electrically coupled to the chamber by KCl-agar bridges. The transepithelial potential (V t ) was clamped to zero. The applied compensational current (short circuit current, I sc ) reflects the transported net charges over the epithelium and depends on the conductance of the epithelium. I sc , conductance (G t ) and capacitance (C t ) were continuously monitored using the computer program ImpDsp1.4 (Prof. Willy Van Driessche). All parameters were normalized to 1 cm².
After stabilization of all electrical parameters a cAMP cocktail (cpt-cAMP (100 µmol l ) to the apical site. The sildenafil containing solutions also contained a final concentration of 9% DMSO to increase the solubility of sildenafil. Because of the presence of DMSO in the sildenafil solutions, additional monolayers were incubated with 9% DMSO as a control and the changes in the parameters were subtracted from the sildenafil effect. In case of KT 5823 or ODQ application, the cells were incubated 15 min before and during the measurements with these inhibitors. ODQ. After 2 hours of incubation the membrane and cytosolic proteins were isolated separately by using the ProteoExtract ® Transmembrane Protein Extraction Kit (Novagen, Merk, Darmstadt, Germany) with the supplied extraction buffer A. The protein concentrations were measured colorimetrically using the BCA test (Pierce, Rockford, IL). 40 µg membrane proteins and 10 µg cytosolic proteins were separated via SDS-PAGE (7.5% acrylamide) and subsequently transferred to a polyvinylidenfluorid (PVDF) membrane. Non-specific binding sites were blocked by incubation with 5% milk powder (Roth), dissolved in Tris-buffered saline/Tween (TBST; 10 mmol l -1 Tris HCl (pH 7.4), 1.5 mmol l -1 NaCl, 0.05% Tween 20), for 2 hours. CFTR protein was detected by using a mouse anti-CFTR antibody (MA1-935; Dianova, Hamburg, Germany) in a 1: 500 dilution. This antibody binds to the first extracellular loop of CFTR (amino acid residues 103-117) and detects only the mature, complexly glycosylated CFTR protein, which exhibits a molecular mass around 170 kDa. As loading control α-tubulin was detected using a mouse anti-α-tubulin antibody (Dianova) at a concentration of 1:250. In both samples the antibodies were diluted in 5% milk powder in TBST and incubated overnight at 4°C. Afterwards, the membrane was washed 3 times with TBST before the secondary antibody coupled to a horseradish peroxidase (anti-mouse, 1:10000; Dianova) was applied for 1 hour at room temperature. To identify and compare the protein amount of the detected bands, the PVDF membranes were digitized and analyzed semi quantitatively by densitometry, using the ImageJ analysis software 1.3.6 (NIH, Bethesda, MD; http://rsb.info.nih.gov/ij/). Furthermore, the overall protein amount in the cells was normalized using the loading control α-tubulin.
Protein biochemistry
Cells were incubated with sildenafil (0 µmol l -1 , 60 µmol l
Immunofluorescence staining
Cells grown on glass cover slips were incubated with sildenafil (0 µmol l 5 times for 5 min with PBS, two times with HEPES buffer for 5 min and fixed with 0.05% glutaraldehyde in HEPES buffer for 10 min. Cells were then washed 3 times for 5 min in PBS, 5 times briefly in deionised water and were mounted on a microscope slide using Dako Fluorescent mounting medium (Dako, Glostrup, Denmark). As a negative control 16HBE14o -and CFBE41o -cells were incubated with the secondary antibody without application of the primary antibody.
Image analysis
The immunofluorescence images were acquired with an inverted fluorescence microscope (Axiovert 200; Zeiss, Jena, Germany) equipped with a 100 x 1.45 oil immersion objective and a fluorescence filter with 488 nm excitation and an emission of 655 nm (F31-118Q; AHF Analysetechnik AG, Tübingen, Deutschland) as well as a FITC filter. For image acquisition it was focused on the upper membrane of the cells. Afterwards the amount of fluorescence spots, representing quantum dot labeled CFTR molecules, were counted manually using the ImageJ analysis software 1.3.6 and the means were corrected by the negative controls.
Statistics
Data are presented as arithmetic means (± SEM). Variances were checked using the F-test and subsequently the appropriate statistical method was used. Most of the statistical evaluations were made by Student´s t-test, whereas a significance level of p ≤ 0.05 (*) or p ≤ 0.01 (**) was assumed. In oocyte experiments N reflects the number of donor frogs, whereas n represents the number of measured oocytes. In the immunofluorescence and protein biochemistry experiments n is the number of evaluated cells/experiments and N the number of immunofluorescence staining procedures/protein isolations. In transepithelial measurements n gives the number of preparations.
Results

Part 1: Effects of sildenafil on wt-CFTR/ΔF508-CFTR expressed in Xenopus laevis oocytes
Determination of endogenous PDE-5 expression in Xenopus laevis oocytes. In order to verify the endogenous PDE-5 expression in oocytes total RNA was isolated from X. laevis oocytes and a fragment of the PDE-5 was amplified, cloned, and sequenced. The nucleotide sequence was compared with the published PDE-5 sequence from Xenopus laevis spleen (GenBank: NM_001094802). Thereby, a portion of the PDE-5 cDNA sequence is identical, which confirmed the expression of PDE-5 in the X. laevis oocytes.
Effects in non-injected oocytes. Previous experiments revealed that H 2 O-injected oocytes and noninjected oocytes showed no differences in I m , G m as well as C m [40] . Therefore, non-injected oocytes were used as controls. Application of the cAMP cocktail caused only small changes in I m , G m and C m . For instance, I m increased about 39 ± 21 nA in control oocytes, whereas cAMP stimulated I m by 1692 ± 126 nA in wt-CFTR expressing oocytes. An additional incubation with H8, KT 5823 and ODQ did not alter the response of control oocytes to the cAMP cocktail. Moreover, sildenafil decreased the cAMP response in non-injected control oocytes. Taken together, cAMP-mediated changes in I m , G m and C m after incubation with the test substances were negligible as compared to CFTR-expressing oocytes (Fig. 1) , demonstrating that H8, KT5823 and ODQ had no effect on endogenous transport systems of the oocytes. Therefore, these substances can be used to characterize the effect of sildenafil in CFTR expressing oocytes.
Effect of sildenafil on ΔF508-CFTR expressing oocytes. To investigate the effect of the PDE-5 inhibitor sildenafil on ΔF508-CFTR expressing oocytes, we injected 27.6 nl of a 60 µmol l -1 sildenafil containing solution into the oocyte cytoplasm 2 hours prior to measurements. The final sildenafil concentration in the oocyte cytoplasm was calculated to be ~1.5 µmol l -1 assuming an average oocyte volume of 0.95 µl [41] . Oocytes were then clamped to -60 mV and the cAMP/IBMX cocktail was applied. As a control we used ΔF508-CFTR expressing oocytes, which were not injected with sildenafil. These controls showed no bioelectrical alterations after cAMP/IBMX application ( Fig. 2A) , demonstrating that ΔF508-CFTR could not be activated by cAMP. In contrast to this, in sildenafil-injected oocytes cAMP stimulated I m ( Fig. 2B ; 285 ± 106 nA; n =11, N = 6) and G m (7.51 ± 3.8 µS; n=11, N = 6).
Leier/Bangel-Ruland/Sobczak/Knieper/Weber Statistical evaluation revealed a 13-fold increase of the ΔF508-CFTR current after sildenafil injection (Fig. 2C) , whereas there were only tiny or no changes in C m .
Effect of sildenafil on wt-CFTR expressing oocytes. To find a general mechanism independently from the ΔF508 mutation, we analyzed the impact of sildenafil on wt-CFTR. Therefore, we used wt-CFTR expressing oocytes and the same experimental setup as for ΔF508-CFTR reported above. wt-CFTR expressing oocytes were injected with 60 µmol l -1 sildenafil and cAMP-mediated changes were registered. We observed an increase in I m , G m and C m in the sildenafil injected (Fig.  3A) and non-sildenafil injected wt-CFTR expressing oocytes, which could be reversed by washout of the cAMP cocktail. Interestingly, cAMP-mediated I m and G m increased after sildenafil application (Fig. 3B) . In average, sildenafil injected oocytes showed a cAMP induced increase of I m of 3662 ± 334 nA (n = 68, N = 19), whereas non-sildenafil injected oocytes revealed only an increase of 1318 ± 151 nA (n = 44, N = 16). These data demonstrate that ~1.5 µmol l -1 sildenafil leads to a significant activation of the wt-CFTR in the Xenopus laevis oocytes.
Furthermore, these experiments clearly show that sildenafil treatment of the wt-CFTR expressing oocytes enhanced also the cAMP-stimulated increase in C m significantly (sildenafil injected oocytes: 97 ± 17 nF (n = 68, N = 19); sildenafil untreated oocytes: 32 ± 8 nF (n = 44, N = 16; Fig. 3C ). As C m reflects the membrane surface area of the oocyte, the measured C m increases are probably evoked by cAMP-induced insertion of CFTR carrying vesicles into the oocyte membrane as already observed in previous studies [38] .
To verify the assumption that this cAMP-mediated rise in C m after sildenafil injection is caused by exocytotic insertion of CFTR carrying vesicles into the plasma membrane of the oocyte, we inhibited the PKA dependent exocytosis pathway with the specific PKA inhibitor H8. For these experiments, wt-CFTR expressing oocytes were incubated with 30 µmol l -1 H8 for at least 24 hours prior to the VC measurements. 2 hours before the oocytes were voltage-clamped sildenafil was injected into the oocytes. These experiments demonstrated that the PKA inhibitor H8 blocked the sildenafil stimulated C m increase completely to the level of the non-sildenafil-njected oocytes (Fig. 3C ), indicating that sildenafil had a strong positive effect on exocytotic events.
Mechanism of sildenafil action on wt-CFTR expressing oocytes. Until now studies on the PDE-5 inhibitor sildenafil have been mainly focusing on the direct effects of sildenafil on the CFTR protein. Here we investigated the overall underlying molecular mechanisms of sildenafil effects on CFTR. First, we analyzed the pathway, where sildenafil activates CFTR by inhibiting PDE-5-mediated cGMP degradation and subsequent elevation of cellular cGMP levels. Therefore, we applied a cGMP cocktail to wt-CFTR expressing oocytes clamped to -60 mV. cGMP increased I m (1402 ± 378 nA; n = 12, N = 3) and G m (41 ± 7 µS; n = 12, N = 3). Interestingly, C m remained unaffected by cGMP, indicating that cGMP has no potency to induce exocytosis as we showed for cAMP. cGMP did not influence those parameters in non-injected control oocytes. These results support the hypothesis of a cGMP-dependent activation of wt-CFTR without any influence of the second messenger on exocytotic events.
In a second step we inhibited some components of the cGMP pathway selectively to further enlighten the molecular mechanisms of sildenafil effects. The wt-CFTR Leier/Bangel-Ruland/Sobczak/Knieper/Weber ). ODQ led to a significant decrease of the cAMP-mediated I m after sildenafil injection (45 ± 8 %). Moreover, incubation with KT5823 reduced the SL-mediated increase in I m by 50 ± 7% (Fig. 4A) . Similarly, sildenafil-mediated increases in G m were inhibited by ODQ (63 ± 6%) and KT5823 (57 ± 7%; data not shown). The increase in C m after sildenafil injection was not affected by ODQ. KT 5823 produced similar effects (Fig. 4B ).
Part 2: Effects of sildenafil on wt-CFTR/ΔF508-CFTR in human bronchial epithelial cells
Sildenafil effects on ΔF508-CFTR. After having studied the basic effects of sildenafil on wt-CFTR/ΔF508-CFTR in the oocyte expression system we turned towards human cells and used confluent monolayers of the human bronchial epithelial cell lines 16HBE14o Table 1 .
Due to the ΔF508 mutation of CFTR in CFBE41o ) [18] . From these data we conclude that sildenafil was able to stimulate ΔF508-CFTR activation in CFBE41o (Fig. 5D) . Interestingly, KT5823 inhibited exocytotic delivery of ΔF508-CFTR carrying vesicles to the apical membranes of the cells, while ODQ had nearly no influence on exocytosis (Fig. 5E ). cells with and without sildenafil (SL). Isolated membrane (mem.; 40 µg) and cytosolic proteins (cyt.; 10 µg) were separated in a 7.5% SDS-PAGE. ΔF508-CFTR and wt-CFTR were identified by a specific CFTR antibody, which detected one specific band in the range of 170 kDa in the membrane protein fraction. As a loading control a α-tubulin-specific band was determined in the cytoplasmatic protein samples. In the labeling of the blots mol l Table 1 . Since these cells express wt-CFTR, cAMP application increased all parameters significantly, which could be partly inhibited by CFTR inh -172 (Fig. 6A) . Addition of sildenafil (200 µmol l -1 ) led to a higher activation of wt-CFTR currents and conductances than cAMP (Fig. 6A) . Interestingly, 45 µmol l -1 sildenafil had no effect on wt-CFTR and maximal activation was only achieved with 400 µmol l -1 sildenafil arguing for different modes of sildenafil activation of ΔF508-CFTR and wt-CFTR. Figure 6B shows the dose response relationship of sildenafil-induced increases in I SC . These sildenafil-induced increases in I SC could be inhibited by ODQ and KT 5823 (Fig. 6C) .
Western blot analyses. To analyze the effect and mechanism of sildenafil on ΔF508-CFTR and wt-CFTR on the protein level, we performed semi quantitative Western blot analyses with a specific CFTR antibody. CFBE41o sildenafil increased the ΔF508-CFTR protein amount 2.5-fold while 400 µmol l -1 evoked a 1.7-fold increase compared to the controls (Fig. 7A) .
The samples of the 16HBE14o We also analyzed the impact of ODQ on the CFTR correcting effect mediated by sildenafil. CFBE41o This is a hint of a cGMP-independent exocytosis mediated by sildenafil that could also be observed in C m measurements.
Immunofluorescence experiments. We used immunofluorescence experiments for the detection and quantification of the sildenafil effect on ΔF508-CFTR and wt-CFTR molecules at the apical membrane. Therefore, CFBE41o ) and KT 5823 (3 µmol l -1 ). To localize the CFTR molecules QD-labeled anti-mouse F(ab´)2 conjugates were used as secondary antibodies. Due to the glutaraldehyde fixation (FITC channel), which does not permeabilize the cell membrane [39] , and the binding of the used antibody at the first extracellular domain of CFTR, the fluorescence spots represent quantum dot (QD) labeled wt-CFTR (16HBE14o -) or ΔF508-CFTR molecules (CFBE41o -) at the cell surface (Fig. 8 A,B ; QD channel). The specific amount of CFTR molecules per µm sildenafil and a 6.7-fold higher amount after application of 400 µmol l -1 sildenafil (Fig. 8D) .
Interestingly, 60 µmol l 
Discussion
In the present study we investigated the effects and mechanism of action of the PDE-5 inhibitor sildenafil on ΔF508-CFTR and wt-CFTR using two model systems: X. laevis oocytes and human bronchial epithelial cells. Oocytes heterologously expressing human ΔF508-CFTR and wt-CFTR yield quick results, while human cell lines produce more clinical relevant data. We used both model systems for continuous and simultaneous measurements of ΔF508-CFTR or wt-CFTR current, conductance and membrane capacitance, the latter being a direct measurement of cell surface area. This technique allows us to follow exo-and endocytotic processes in real time.
Until now the modes of sildenafil action on wt-CFTR/ ΔF508-CFTR are still matter of ongoing discussions. While Dormer et al. [1] classified sildenafil as a CFTR corrector using isolated epithelial cells from CF patients, other groups regarded the compound as a potentiator of CFTR in ΔF508-CFTR (+/+) mice [2] . A corrector is thought to restore the impaired trafficking to the apical membranes, while a potentiator should boost the reduced Cl -conductance by the mutated CFTR. Direct effects of sildenafil on the CFTR molecule are also discussed [1, 2] . We made use of our model systems to investigate the molecular pathways of sildenafil.
In the first part of the project we used X. laevis oocytes for the expression of ΔF508-CFTR or wt-CFTR. An important prerequisite to the use of the X. laevis oocytes for the evaluation of the PDE-5 inhibitor sildenafil effects was the presence of an endogenous PDE-5. Since we found no information on PDE-5 of the oocytes in the literature we set out to verify the endogenous expression of the PDE-5 in these cells. By isolation of oocyte total RNA, cloning and sequencing we were indeed able to prove the endogenous expression of the PDE-5 in Cell Physiol Biochem 2012; 29:775-790 X. laevis oocytes. Therefore, the oocytes are well suited to study the effects of sildenafil via inhibition of the endogenous PDE-5 and the effects on wt-CFTR or ΔF508-CFTR.
We expressed human ΔF508-CFTR in X. laevis oocytes and observed strongly enhanced cAMP mediated ΔF508-CFTR current and conductance after sildenafil treatment. Sildenafil led in average to a 13-fold increase in the cAMP-induced ΔF508-CFTR current, indicating the restoring potency of the compound. Without sildenafil treatment no cAMP response could be measured. Since the capacitance of the oocyte membrane showed only tiny changes, sildenafil obviously restored the defective ΔF508-CFTR Cl -function without additional exocytotic delivery of ΔF508-CFTR containing vesicles in contrast to the observations for wt-CFTR earlier [38] .
To now only a few groups described the effects of sildenafil on wt-CFTR and the data is contradictory: Dormer et al. [1] observed no influence of sildenafil on the wt-CFTR, while Cobb et al. [42] found an activation of wt-CFTR by the PDE-5 blocker. Therefore, in a next set of experiments we expressed human wt-CFTR in the oocytes and treated them with sildenafil. We saw an approximate triplication of cAMP-induced CFTR current. To our surprise and in contrast to ΔF508-CFTR, the cAMP-mediated membrane capacitance increase also tripled. From these data we conclude that sildenafil activated wt-CFTR already present in the oocyte membrane and additionally initiated exocytotic delivery to and insertion of CFTR carrying vesicles into the oocyte membrane. This exocytotic insertion of CFTR molecules into the plasma membrane is dependent on protein kinase A (PKA) [38] and the PKA-specific inhibitor H8 removed completely the sildenafil-induced enhancement of cAMPstimulated capacitance increase, demonstrating that sildenafil has an enormous influence on the exocytosis of wt-CFTR, but unfortunately not of ΔF508-CFTR. Therefore, in the oocytes sildenafil acts on wt-CFTR via two different pathways, i.e. direct activation and exocytosis, whereas ΔF508-CFTR function is solely restored by activation without exocytotic delivery from intracellular vesicle pools to the oocyte membrane.
To further evaluate the basic mechanisms of sildenafil action we substituted cAMP with cGMP in our activating cocktail. cGMP increased wt-CFTR mediated current and conductance, yet had no effect on the membrane capacitance. Obviously, cGMP has no influence on exocytotic events in the oocytes, an observation that could also explain why sildenafil does not stimulate exocytosis of ΔF508-CFTR.
In the second part of the project we used the human bronchial epithelial cell lines CFBE41o -and 16HBE14o -to investigate the modes of action of sildenafil. The CFBE41o -cell line was generated from bronchi of an one year old CF patient who was homozygous for the ΔF508 mutation (ΔF508-CFTR (+/+) ) [43, 44] . The 16HBE14o -cells are widely used as controls and were generated from human bronchial non-CF tissue [43, 44] . Both cell lines serve since 2004 as model systems for the investigation of the molecular mechanisms that cause CF and are of special value in the search for therapeutically active compounds [45, 46] . Furthermore, these cells are particularly well suited for transepithelial electrophysiological measurements since they form tight confluent monolayers with a considerable transepithelial resistance that was in this study around 350 Ω*cm 2 ; a value that is in good accordance with those reported in the literature [44] .
For the analysis of the effects of sildenafil on the ΔF508-CFTR function we performed Ussing chamber experiments with CFBE41o -cells. Application of the cAMP cocktail had no measurable effect on I SC , G t and C t of the CFBE41o -monolayers. Yet, the application of sildenafil in various concentrations led to intense increases in I SC , G t and C t , resulting in a more or less bell shaped curve, with the strongest effect at a sildenafil concentration of 60 µmol l produced similar increases in C t . Parts of the increases in I SC and G t could be blocked by the CFTR specific inhibitor CFTR inh -172. From these results and from those of the ΔF508-CFTR expressing oocytes we conclude that sildenafil enhanced the remaining ΔF508-CFTR chloride conductance, which confirms the classification of sildenafil as a potentiator of CFTR [2] .
Moreover, in the bronchial cells sildenafil stimulates additional delivery of ΔF508-CFTR molecules to the apical membranes of the CFBE41o -cells, indicating a potentially auxiliary impact of sildenafil in the treatment of CF symptoms. To confirm and extend the observation that sildenafil induced exocytotic delivery of ΔF508-CFTR molecules we used Western blot and immunofluorescence approaches. In the Western blots we observed a 2.5-fold increase in the amount of ΔF508-CFTR protein in the membranes of CFBE41o -cells after sildenafil application (60 µmol l -1 ). This was further confirmed in the immunofluorescence experiments that showed a 3.6-fold higher amount of fluorescence spots representing ΔF508-CFTR molecules at the apical membranes following incubation with 60 µmol l -1 sildenafil and a 6.3-fold higher amount of fluorescence spots with 400 µmol l -1 sildenafil. These results revealed that sildenafil corrects the trafficking defect of the ΔF508-CFTR protein, leading to an exocytotic insertion of the protein into the apical plasma membrane. This mechanism represents an effect of sildenafil as a CFTR corrector as also demonstrated earlier in nasal epithelial cells isolated from CF patients [1] . The enormous exocytotic potency of sildenafil is further demonstrated by our observation that the amount of ΔF508-CFTR protein in the membranes of CFBE41o -cells following sildenafil exposure is nearly three times higher than the numbers of wt-CFTR copies in the 16HBE14o -control cells. This is a highly encouraging aspect of the sildenafil action since elevating the amount of functional CFTR in CF epithelia by only 10 -15% is sufficient to restore proper epithelial function [13, 14] . From this point of view sildenafil could be a very promising candidate for the treatment of CF patients.
Using two blocker that interfere with the cGMP pathway on different levels, i.e. ODQ and KT 5823, we identified two modes of action of sildenafil: one pathway that is independent of cGMP and one that depends on cGMP. In the first mode of action sildenafil inhibits the PDE-5 and prevents the degradation of cGMP. Increasing cellular cGMP levels activate PKG followed by ΔF508-CFTR phosphorylation, thereby correcting the defective protein function. In the case of the cGMPindependent mode of action, sildenafil obviously activates the exocytotic delivery of CFTR (wt-CFTR or ΔF508-CFTR) molecules to and insertion into the plasma membrane, thereby drastically increasing the number of CFTR molecules in the membrane.
Taken together, our results from both model systems show that the PDE-5 inhibitor sildenafil restores the function of ΔF508-CFTR and simultaneously induces the insertion of the ΔF508-CFTR molecules into the apical plasma membrane. Thus, sildenafil acts as a CFTR corrector as well as a potentiator of CFTR. This combination of a corrector and a potentiator should achieve the maximum therapeutic benefits in CF as stated recently [18, 47] . However, and that's the real sad message of our study, the concentrations of sildenafil that are necessary to induce the beneficial effects exceed by far those used for the treatment of erectile dysfunction. 60 µmol l -1 sildenafil yielded the best effect in our studies, yet this concentration is roughly 120 times larger than the commonly used clinical concentration of 0.5 µmol l -1 for the treatment of erectile dysfunction [32] . It is to be feared that this high concentration of sildenafil could have unwanted severe adverse effects in patients, such as headache, flushing, nasal congestion, dyspepsia, priapism and sudden hearing loss [48] . Rare but serious adverse effects could be severe hypotension, myocardial infarction and ventricular arrhythmias [49] . However, on the other hand some other positive effects of sildenafil have been described. It could be shown that sildenafil mediates a reduced bacterial adhesion of P. aeruginosa in the mouse respiratory tract as well as an anti-inflammatory effect in human bronchial epithelial cells and in guinea pigs [29, 50] . Because the respiratory CF symptoms are highly influenced by the colonisation with P. aeruginosa and S. aureus, this additional effect of sildenafil is another hint that the PDE-5 inhibitor might have a high importance in the therapy of CF. Moreover, sildenafil is reported to inhibit Na + absorption through epithelial Na + channels (ENaC) [29] . This could be of therapeutic benefit since CF patients suffer from Na + hyperabsorption in the respiratory tract leading to massive loss of water in the airway surface liquid and increased viscosity of the mucus [51] . Furthermore, there are attempts underway to investigate chemical modifications of sildenafil to enhance the biochemical potency and selectivity of the compound, thereby offering the possibility to apply the newly developed drug in lower concentrations with fewer putative adverse effects [52] . Since the most severe manifestations in CF are found in the lower airways sildenafil could be administered by aerosol inhalation, which could lead to effective drug concentration in the bronchial epithelia as has been shown in mice [31] .
Conclusions
Our results strongly provide evidence that sildenafil recovers the Cl -channel defect in CF acting as a ΔF508-CFTR potentiator and corrector via two mechanisms: one being cGMP-dependent (potentiator) and one being cGMP-independent (corrector). From these data we conclude that the development of PDE-5 inhibitors more selective and more sensitive than sildenafil could be of therapeutic importance for the treatment of CF symptoms until we are eventually able to cure the disease by repairing the underlying basic molecular defects.
